The Q locus located on the long arm of chromosome 5A is a key factor in evolution and widespread cultivation of domesticated wheat. The Q locus pleiotropically affects many agronomically important traits including threshability, glume shape and tenacity, rachis fragility and others. Genotyping of the Q locus based on the complex traits is ambiguous due to their multi-genetic control through interactions with the Q locus. To determine the Q locus genotype of wheat accessions possessing A genome, we developed a method based on polymerase chain reaction -restriction fragment length polymorphism (PCR-RFLP) analysis. The Q and q alleles were clearly distinguished by PCR-RFLP analysis at six conserved single nucleotide polymorphisms in common wheat and wild and cultivated einkorn, emmer and timopheevi wheat. The Q locus genotype of Triticum sinskajae, which is one of the einkorn wheat species and exhibits free-threshing trait, was determined to be qq as expected. This simple PCR-RLFP-based genotyping method should serve as a useful tool in studying the origin of Q and thus wheat evolution after domestication and the following widespread cultivation.
The Q locus was first identified as a genetic factor affecting spike morphology in wheat (Nilsson-Ehle, 1917) . The semi-dominant allele Q suppresses speltoid shape of spikes and confers square-headed phenotype (Mac Key, 1954) . Q also pleiotropically affects many agronomically important traits such as free-threshing (Muramatsu, 1963; Kerber and Rowland, 1974) , tough rachis (Mac Key, 1954; Jantasuriyarat et al., 2004) and reduced plant height (Muramatsu, 1963; Kato et al., 2003) . Q undoubtedly played an important role in evolution of domesticated wheat and subsequent widespread cultivation of emmer and common wheat (for review see Salamini et al., 2002; Faris et al., 2005) . There occurs, however, a wide range of phenotypic variation in wheat accessions with the same Q locus genotype because Qcontrolled traits are also regulated by other quantitative trait loci (Kato et al., 1999; Simonetti et al., 1999; Jantasuriyarat et al., 2004; Nalam et al., 2007) . For instance, threshability is also regulated at least by a partially recessive allele at another locus designated Tg (Tenacious glume) on the short arm of chromosome 2B (Kerber and Rowland, 1974; Nalam et al., 2007) .
Q was assigned to the long arm of chromosome 5A by cytogenetic analysis using aneuploids (Unrau et al., 1950; Mac Key, 1954) . Later, Q was more precisely located in the distal region of chromosome 5AL by physical mapping using chromosome deletion lines (Endo and Mukai, 1988; Endo and Gill, 1996) . The expression of Q depended on the genetic backgrounds and dominance relations between the Q and q alleles changed in different genetic backgrounds (Mac Key, 1954; Kuckuck, 1964; Luo et al., 2000) . To explain these observations, Luo et al. (2000) hypothesized that Q was responsible for regulating the expression of some structural genes. Q has recently been cloned through high-resolution mapping and chromosome walking (Faris and Gill, 2002; Faris et al., 2003; Simons et al., 2006) . The molecular cloning shows that Q in fact is a gene belonging to the APETALA2 transcription factor family.
Extensive cytogenetic studies have been conducted to determine the Q locus genotypes of many wheat accessions. However, genotyping of the Q locus by observing complex traits often gave ambiguous results because of the peculiar nature of the Q locus. We attempted to develop a simple method for distinguishing Edited by Koji Murai * Corresponding author. E-mail: asakura@kanagawa-u.ac.jp Q from q at the nucleotide sequence level without sequencing experiments. A comparison of the reported genomic sequences of the Q and q alleles from several wheat species revealed five conserved single nucleotide polymorphisms (SNPs) between them . Another conserved SNP was also reported (Chuck et al., 2007) . To achieve our objective, we adopted PCR-RFLP-based method by targeting on these six SNPs present in three regions of the Q locus (Fig. 1) . Twelve Triticum accessions with known Q locus genotypes (Table  1) were used in the PCR-RFLP analysis. Because polyploid wheat species possess homoeoalleles on homoeologous chromosomes 5B and 5D , primer sets that could specifically amplify the Q locus on chromosome 5AL were required. To design PCR primers for amplifying the three regions (regions 1, 2 and 3) including all six SNPs in the Q locus ( Fig. 1) , genomic sequences of the Q allele of T. aestivum cv. Chinese Spring (accession no. AY702956), the q allele of T. urartu (AY702958), the q allele of T. monococcum (AY170867), and the homoeoallele on the chromosome 5B of T. durum (DQ123819) were multiple-aligned according to Simons et al. (2006) . According to this alignment, PCR primers were constructed as to cover the mismatched nucleotide residues in the homoeolocus on 5B, i.e., mismatched nucleotides against the homoeoallele were incorporated into one or both primers of each primer set at the 3' ends (Table  2) . Since the nucleotide sequence of 5D-homoeoallele was not available, we could not take this allele into account in designing the 5A-specific primers.
Concentrations of all components for PCR were the same as those of Asakura et al. (2001) . Amplification was performed using the following conditions: a predenaturation step of 10 min at 94°C; 35 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 55°C and extension for 2 min at 72°C; followed by a post-extension incubation for 10 min at 72°C. A single DNA fragment with an expected size was successfully amplified using the primer set L1/R1 in all Triticum accessions, whereas no amplification occurred from the two Aegilops species with either S (Ae. speltoides; 4 in Fig. 2A ) or D genome (Ae. tauschii; 5 in Fig. 2A ). PCR analysis using 'Chines Spring' nulli-tetrasomic lines was also carried out. Nullitetrasomic lines are defined as a series of lines missing a pair of chromosomes that are replaced by an extra pair of their homoeologous chromosomes (Sears, 1966) . Among the three homoeologous group 5 chromosomes, only chromosome 5A contributed to this amplified DNA fragment (15 to 18 in Fig. 2A ). The same result was obtained in the PCR experiments using the other two primer sets, L2/ R2 and L3/R3 (data not shown). The results demonstrated the specificity of the three primer sets to the Q locus on chromosome 5A. To distinguish between the Q and q alleles based on the six SNPs, amplified DNA frag- (Dorofeev and Navruzbekov, 1982; Waines, 1983; Taenzlar et al., 2002) .
ments were then digested with six restriction enzymes, i.e. MspI and BssSI in the region 1, MboI and TaqI in the region 2 and HinfI and BsrBI in the region 3 (Table 3 and Fig. 1 ). The digests were fractionated by gel electrophoresis through 3% agarose and visualized by staining with ethidium bromide solution. As expected, in the region 1 T. urartu, 2. T. boeoticum, 3. T. monococcum, 4. Ae. speltoides, 5. Ae. tauschii, 6. T. dicoccoides, 7. T. dicoccum, 8. T. durum, 9. T. araraticum, 10. T. timopheevi, 11 . T. aestivum cv. Chinese Spring, 12. T. aestivum cv. Norin 26, 13. T. spelta var. duhamelianum, 14. T. spelta st. Rumania, 15. the nulli-5A tetra-5B line, 16. the nulli-5A tetra-5D line, 17. the nulli-5B tetra-5D line, 18. the nulli-5D tetra-5A line, M. 100-bp ladder. The nulli-5A tetra-5B line, for example, represents the nulli-tetrasomic line missing a pair of chromosome 5A that is replaced by an extra pair of chromosome 5B. amplified with a primer set L1/R1, the Q and q alleles were clearly distinguished after digestion with MspI (Fig.  2B) and BssSI (Fig. 2C) . The Q and q alleles were also distinguished by the PCR-RFLP analysis using four other restriction enzymes in the regions 2 and 3 according to their specificity (Table 3) . These results showed that the Q and q alleles were distinguishable by the PCR-RFLP analysis based on the six conserved SNPs.
To evaluate the usefulness of the developed PCR-RFLP method we applied it to determine the genotype of T. sinskajae. T. sinskajae, which is known to be unique for its soft glumes and free-threshing habit within einkorn wheat, was discovered as a spontaneous mutant in the accession K-20970 of T. monococcum (Filatenko and Kurkiev, 1975; Goncharov et al., 2007) . Cross experiments between T. monococcum and T. sinskajae showed that soft glume was conferred by a single recessive allele (Dorofeev and Navruzbekov, 1982; Waines, 1983) . The gene was later mapped to the short arm of chromosome 2A m and designated sog (Taenzler et al., 2002) . Freethreshing habit is primarily controlled by sog in T. sinskajae as a monogeneic trait. Thus the Q locus genotype of T. sinskajae was postulated to besimilar to other einkorn species, although it exhibits free-threshing habit. We performed genotyping of the Q locus of T. sinskajae using the developed PCR-RFLP method. The analysis of six SNPs in the three regions clearly showed that the Q locus genotype of T. sinskajae was(Fig.  3) . In addition to the Q specific recognition site, both alleles share one MboI recognition site in the region 2. Q and q amplicons from this region, therefore, were cut in two and one, respectively (Fig. 3C) . Similarly, Q and q alleles from the region 3 were cut in one and two with HinfI, respectively (Fig. 3E) . The results demonstrated usefulness of the PCR-RFLP method and supported the spontaneous mutation origin of this free-threshing einkorn wheat. It is known that the Q gene most likely evolved through dominant mutation from the more primitive allele q. Simons et al. (2006) suggest that one non-synonymous substitution at the nucleotide number 2122 in exon 8 (Fig.  1) is associated with an increased expression level of the gene Q and plays a key role in this mutation. Chuck et al. (2007) have further suggested that a nucleotide substitution in the microRNA binding site at the nucleotide number 3139 in exon 10 (Fig. 1) is a principal cause of this dominant mutation. Aside from an important question as to which SNP(s) determines the Q function, all the six SNPs examined could be successfully employed for the PCR-RFLP-based genotyping.
It remains unresolved if the Q allele first arose in tetraploid wheat or in hexaploid wheat or independently in both tetraploid and hexaploid wheat. Phylogenetic analysis of the genomic sequences of Q allele from several species including both tetraploid and hexaploid wheat indicated that the mutation from q to Q occurred only once and that the sequence variation was small (Faris et al., 2005; Simons et al., 2006) . It has recently been considered that Q evolved most likely in tetraploid wheat Fig. 3 . Genotyping of the Q locus in T. sinskajae based on the PCR-RFLP analysis. Restriction patterns of region 1 amplified using a primer set L1/R1 after digestion with MspI (A) and BssSI (B) and those of region 2 amplified using a primer set L2/ R2 after digestion with MboI (C) and TaqI (D) and region 3 amplified using a primer set L3/R3 after digestion with HinfI (E) and BsrBI (F). 1. The q allele from T. monococcum, 2. The allele from T. sinskajae, 3. The Q allele from T. aestivum cv. Chinese Spring.
progenitor similar to the present day T. dicoccum (Gill et al., 2007) . According to this scenario, some T. dicoccum accessions exhibiting hulled character might harbor Q. To clarify the origin of Q, survey of its distribution among a number of polyploid accessions particularly emmer landraces is required. A simple PCR-RFLPbased genotyping method we developed for the Q locus should provide a useful means for this purpose.
